Through the ultrafiltration of water containing Pb(II) ions and poly(ethyleneimine) as an example, it was possible to determine the Pb(II) ion retention coefficients by UPM-20 membranes and the corresponding transmembrane fluxes. The optimal parameters, i.e. pH and concentration ratio C Pb(II) /C PEI , necessary to remove Pb(II) ions from aqueous media using a complexation/ultrafiltration technique (polymer-supported ultrafiltration) were also determined. The state of water in the membranes and its quantity were found using differential scanning calorimetric methods.
INTRODUCTION
The amount of Pb(II) in the environment is growing steadily, with a large number of sources contributing to the introduction of Pb(II) into the atmosphere. These include high-temperature processes, electroplating production facilities, machine building plants, industrial chemical and pharmaceutical manufacturers, etc. The Chernobyl NPP disaster added significantly to this problem. In addition, considerable amounts of Pb(II) accumulate in sludges derived from household wastewaters.
It is well known that Pb(II) is an extremely toxic metal. Lead(II) and its compounds not only pose a danger to living organisms because of their toxicological effects, but also due to their ability to accumulate in the organism. Since the element is not excreted from the organism together with other natural products, it can become a cause of serious illness. For this reason, the development of technologies for removing Pb(II) ions from polluted media, especially water, is important. Wastewater sludges are usually purified by leaching (Voshizaki and Tomida 2000) . Conventional techniques for removing heavy metals such as Pb(II) include sorption (Dobrevsky et al. 1999; Tarasevich 1981) and biosorption (Marques et al. 1999) . Heavy metals including Pb(II) are removed from natural waters by coordination with humic substances (Lubal et al. 1999; Maurice and Naujesnik-Dejanovich 1999; Dong et al. 2000) , and also through the use of adsorption and extraction (von Mylius 1997) . In addition, Pb(II) ions are readily removed using reverse osmosis (Gzara et al. 2000) .
Together with the above methods, combined methods are often used to purify polluted aqueous media. The latter combine membrane treatment methods with complexation or micelle formation (Benbrahim et al. 1998; Geckeler and Volchek 1996; Chaufer and Deratani 1988) . Recently, reagent ultrafiltration has gained in popularity. This technique combines complexation between a given polymer-complexing agent and a heavy metal with subsequent separation of the system obtained using ultrafiltration membranes, and has obvious advantages because of the high-capacity membranes used in the process. For this reason, it provides a possible method for treating large volumes of contaminated water since subsequent destruction of the complex allows the polymeric material to be returned to the head section of the process and the polluting metal to be separated.
The present study involved the determination of the factors influencing the removal of Pb(II) ions from polluted water by ultrafiltration using a polyelectrolyte complexing agent.
EXPERIMENTAL
Studies were conducted in a dead-end cell having a volume of 1 l and a membrane area of 0.95 dm 2 employing a magnetic stirrer at a rotational frequency of 300 rev/min. Such an arrangement was used to treat 1 l of a solution containing 3 mg/l of Pb(II) ions. Operating solutions were prepared using Pb(NO 3 ) 2 and drinking water from the city of Kiev containing the following cations (mg/l): Na + , 19.8; K + , 4.4; Ca 2+ , 68.1; and Mg 2+ , 11.2. The pH values of the solutions were maintained at 7.0 and each was subjected to prior coagulation with FeCl 3 . Experiments were conducted at an operating pressure of 0.2 MPa.
On the basis of preliminary investigations, the ultrafiltration composite polysulphonamide membrane UPM-20 (Vladipor Company, Russia) was chosen as being the most suitable for further study. This membrane had an average pore diameter of 20 nm. Samples of the operating solutions (40-cm 3 volume) were allowed to permeate this membrane until stable values were obtained for their Pb(II) ion concentrations, the latter being determined by photometric techniques (Marchenko 1971) .
Poly(ethyleneimine) (PEI) was used as the complexing agent. This has the following general formula:
being manufactured by the Aldrich Company, USA and possessing a molecular weight of 60 kDa. The experiments employed in choosing PEI were described earlier (Kryvoruchko et al. 2002) . The principal feature of PEI is its ability to form complex compounds with a wide variety of heavy metal ions. The stabilities of such complexes have been assessed by Bjerrum's method that involves the titration of PEI with acid in the presence of varied quantities of complexing ions. Such studies have enabled the resulting complexes to be arranged in the following increasing ionic order of stability (Gembitsky et al. 1971) : Cu 2+ > Ni 2+ > Zn 2+ > Co 2+ > Pb 2+ > Mn 2+ . Since poly(ethyleneimine)-metal ion complexes can be subsequently readily destroyed by, for example, acidification or electrolysis (Geckeler and Volchek 1996; Barron-Zambrano et al. 2002) , PEI can be used repeatedly in a combined complexation/ultrafiltration process for purifying polluted waters.
In the present studies, the retention ability of a membrane towards Pb(II) ions has been investigated. Thus, the retention coefficient (R) towards such pollutant ions of UPM-20 membranes and the corresponding volume flux (J v ) were calculated using the technique described by Tsapiuk (1997) . After separation of an aqueous solution containing Pb(II) ions and also one containing Pb(II) ions and PEI, each membrane was analyzed by differential scanning calorimetric (DSC) methods. This technique allowed the state and the amount of free and bound water in the membrane under investigation to be assessed. Thus, the membrane under investigation (of weight 0.0047-0.0067 g) was pressed into a container and the latter cooled in liquid nitrogen for 1-2 min at 233 K, this temperature being maintained for several minutes to achieve equilibrium. Thermograms of the initial membrane and of membranes employed after the water-treatment process to remove Pb(II) ions were registered over the temperature range 233-293 K using a DSM-2M microcalorimeter at a scanning rate of 4 K/min (Hemminger and Höhne 1984; Pedley and Tighe 1979) . The accuracy of the DSC measurements was ± 0.001 g water /g dry membrane .
Calculation of the freezing water content was performed by making use of the endotherms of melting ice, the content of non-freezing water being determined as the difference between the total moisture content and the freezing water content (Stanlay 1980) .
RESULTS AND DISCUSSION
During the course of studies to separate solutions containing Pb(II) ions and Pb(II) ions + PEI using a UPM-20 membrane, values of the Pb(II) ion retention coefficient by the UPM-20 membrane and its capacity were estimated. Figure 1 presents results obtained over the pH range 5.0-9.0 during the treatment of Pb(II) ion-containing water (curves 1 and 1′) and also water containing Pb(II) ions and PEI at a concentration ratio C Pb(II) /C PEI = 1:3 (curves 2 and 2′). In the absence of PEI (Figure 1, curve 1) , the UPM-20 membrane exhibited a high retention coefficient of 0.94 towards Pb(II) ions over the pH range 7.5-9.0, while in the presence of PEI (Figure 1 , curve 2) this indicator attained a value of 0.98 at pH 9.0. However, in the presence of PEI at pH 7.5, the retention coefficient was perceptibly lower (0.75) relative to its value in the absence of this complexing agent. This was probably due to the fact that, at a specified pH value, the formation of more stable Pb(II) hydroxo complexes in the absence of PEI proceeds much more readily than the formation of the less stable Pb(II)-PEI complexes. Moreover, the presence of PEI may shift the pH for the formation of hydroxo complexes and make the resulting Pb(II)-PEI complexes less stable. Nevertheless, Pb(II) ions not bound into complexes will still be relatively free to penetrate through a UPM-20 membrane and thereby degrade the water-treatment process.
For the transmembrane flux, curve 1′ in Figure 1 demonstrates that this hardly changed at all over the entire pH range studied in the absence of PEI and was equal to 17.0 µm/s. However, when PEI was present in the system treated, the transmembrane flux was essentially reduced to 13.0 µm/s over the pH range 7.0-9.0 (Figure 1, curve 2′) . Figure 2 presents thermograms of the UPM-20 membrane analyzed after its use in the treatment of Pb(II) ion-containing water at different pH values in the absence of PEI. From the shapes of the thermograms displayed, it may be assumed that the narrower peaks obtained at pH values of 7.5 and 9.0 (curves 3 and 4) could indicate the formation of a denser layer of hydroxo complexes on the membrane surface or in its pores. As a result, the volume of micropores in the system may increase, thereby resulting in an improved purification treatment for the polluted solution.
The thermograms presented in Figure 3 indicate that a sharp narrow peak was obtained only at pH 9.0 (curve 4) while the peaks obtained over the pH range 5.0-7. in the degradation of the treatment process for the aqueous solution containing Pb(II) ions and PEI and, consequently, in a reduction of the Pb(II) ion retention coefficient for the membrane under investigation.
These assumptions are confirmed by the results presented in Tables 1 and 2 that indicate the state and the amounts of free, bound and intermediate water contained in the membrane under investigation.
In addition, investigations were conducted to find out the effect of various C PEI /C Pb(II) concentration ratios on the removal of Pb(II) ions from aqueous solution during the treatment of polluted solutions. Thus, studies were conducted at pH values of 6.0 and 9.0 over a C PEI /C Pb(II) concentration ratio from 0:1 to 10:1. The results obtained are presented in Figure 4 (curves 1 and 2, respectively). The variation of the transmembrane flux as a function of the amount of PEI added and the pH are also presented in this figure (see Figure 4 , curves 1′ and 2′). The results depicted indicate that at pH 6.0 (Figure 4 , curve 1) the Pb(II) ion retention coefficient for the UPM-20 membrane remained at the same level and was equal to ca. 0.24-0.32 over the entire range of C PEI /C Pb(II) concentration ratio under investigation. However, the situation was somewhat different at a pH value of 9.0 (Figure 4 , curve 2). In this case, a high Pb(II) ion retention coefficient of 0.96 was achieved even at C PEI /C Pb(II) = 1:1, while this coefficient was equal to 0.98 at C PEI /C Pb(II) = 3:1. Similarly, from a 5:1 ratio upwards, a maximum Pb(II) ion retention coefficient of 0.999 was achieved for the UPM-20 membrane. These results can be explained with the help of the DSC thermograms presented in Figures 5 and 6. Figure 5 displays thermograms of the membranes obtained after purification of Pb(II) 548 L.Yu. Yurlova and A.P. Kryvoruchko/Adsorption Science & Technology Vol. 22 No. 7 2004 5 . Thermograms for the melting of ice in UPM-20 membranes used for the removal of Pb(II) ions during water purification of aqueous solutions containing Pb(II) ions + PEI at pH 6.0 and the following C PEI /C Pb(II) ratios: curve 1, 0:1; curve 2, 1:1; curve 3, 3:1; curve 4, 5:1; curve 5, 8:1; curve 6, 10:1 .   1  2  3  4   283  273 263  283 273 263  283 273  263  283 273 Temperature (K) Figure 6 . Thermograms for the melting of ice in UPM-20 membranes used for the removal of Pb(II) ions during water purification of aqueous solutions containing Pb(II) ions + PEI at pH 9.0 and the following C PEI /C Pb(II) ratios: curve 1, 0:1; curve 2, 3:1; curve 3, 5:1; curve 4, 10:1. ion-containing solutions at pH 6.0 with different concentration ratios of Pb(II) ions and PEI. The shapes of the thermograms indicate that at the pH values specified a loose layer of precipitate was probably formed on the surface of the UPM-20 membrane and in its pores ( Figure 5 , curves 2-6). This precipitate could have been caused by the formation of PEI-Pb(II) complexes and, in part, of Pb(II) hydroxo complexes. The presence of relatively wide peaks with shoulder-shaped sections at all concentration ratios of PEI and Pb(II) ions indicates that quite a large amount of intermediate water was present in the membrane, resulting in the degradation of the ultrafiltration treatment process. The calculated amounts of the various states of water listed in Table 3 validate this assumption since in all cases large amounts of intermediate water were present in the samples. At the same time, the amount of bound water was relatively low relative to the amounts of free and intermediate water. Such bound water merely led to a decrease in the Pb(II) ion retention coefficient exhibited by the UPM-20 membrane.
The thermograms presented in Figure 6 characterize the amount of water in membranes obtained after purification of Pb(II) ion-containing solutions at pH 9.0 with different concentration ratios of Pb(II) ions and PEI. The shapes of the thermograms presented (thin narrow peaks) indicate that at C PEI /C Pb(II) ratios of 3:1 and 5:1 (see Figure 6 , curves 2 and 3) the amounts of micropores present increased with a corresponding increase in the values of the retention coefficients. This was possibly due to the formation of a dense layer consisting of Pb(II)-PEI complexes and Pb(II) hydroxo complexes on the membrane surface or in its pores. This is probably why the amount of bound water present in the membrane was quite high. At a C PEI /C Pb(II) ratio of 10:1, PEI was less prone to form complexes with Pb(II) ions since the optimal concentration ratios of PEI and Pb(II) ions necessary for the formation of the most stable complexes were in the range 3:1-5:1. Hence, at a C PEI /C Pb(II) ratio of 10:1 it would be quite reasonable to expect the formation of a less dense layer on the surface of the UPM-20 membrane or in its pores, as reflected in the thermograms (see Figure 6 , curve 4).
The calculated results presented in Table 4 confirm the assumption that practically no intermediate water existed in the membrane under investigation at pH 9.0. As far as the transmembrane flux was concerned, this indicator declined gradually from 17.5 to 14.5 µm/s at pH 6.0 over the entire range of C PEI /C Pb(II) ratios studied. In contrast, at pH 9.0, there was no change in the value of the transmembrane flux which remained at ca. 13.1 µm/s over the range of C PEI /C Pb(II) ratios studied. 550 L.Yu. Yurlova and A.P. Kryvoruchko/Adsorption Science & Technology Vol. 22 No. 7 2004 
